Abstract In June of 2011, the Puyehue-Cordon Caulle volcanic eruption deposited large amounts of ashes in Chile and Argentina. Although ashes were initially considered innoxious based on water leachates, we found clinical cases of fluoride intoxication in red deer (Cervus elaphus) and domestic herbivores in Argentina. The diagnosis was corroborated by high bone fluoride concentrations. The dynamics of temporal accumulation of fluoride suggested an average increase of 1,000 ppm per year of fluoride in the bone. However, a few deer had fluoride levels, suggesting an accumulation rate of about 3,700 ppm per year. Via recent sampling of deer, we now confirm that bone levels have reached up to 10,396 ppm of fluoride after about 28 months of exposure. Tephra across various sites averaged 548 ppm of fluoride, and due to dry conditions and eolic redeposition of ashes particularly east of the continental divide, clinical fluorosis is expected to continue to intensify. The described impact will reverberate through several aspects of the ecology of the deer, including effects on population dynamics, morbidity, predation susceptibility, as well as other components of the ecosystem, including other herbivores, scavengers, and plant communities.
Introduction
The Puyehue-Cordon Caulle volcanic eruption (PCCVE of June 2011, reviewed by Flueck and Smith-Flueck 2013a) deposited an estimated 100 million tons of tephra (ejected solid matter) over parts of Chile and over 36 million ha in Argentina, with winds depositing layers of tephra 5-cm thick at 240 km of distance (Fig. 1a) . Volcanic eruptions can emit toxic levels of fluoride, which may impact animals in the surroundings (Cronin et al. 2000 (Cronin et al. , 2003 , yet fluorosis in wildlife raised concerns only relatively recently (Robinette et al. 1957; Karstad 1967 ) and principally regarding industrial pollution or use of fertilizers (Kierdorf et al. 1996a; Richter et al. 2010) . A recent local example was the Lonquimay volcano eruption (1988, 200 km north of PCCVE), where fluorosis in livestock occurred within weeks (Araya et al. 1990 ). Immediately after the PCCVE, analyses of tephra revealed mainly O, Si, Al, Fe, Na, and K. Although initial concern was about intoxication with fluoride, based on incidences from other Chilean volcanoes, only fluoridecontaining microbubbles that may turn into fluorohydric acid upon contact with water were mentioned in tephra from Argentina (Bermúdez and Delpino 2011) . Moreover, watersoluble extracts from tephra revealed low fluoride levels (0.7 ppm) (Hufner and Osuna 2011) , surface water analyses from both countries revealed low fluoride levels, and overall water consumption was considered without risk for humans and animals (DGA 2012; Wilson et al. 2013) . Initial livestock losses in the region were high but attributed to inanition, rumen blockage, and excessive tooth wear, rather than to known toxic elements (Wilson et al. 2013) . Given the recent regional example of the Lonquimay volcano eruption, where fluorosis in livestock occurred within weeks, we began by investigating whether wild red deer (Cervus elaphus) were affected from exposure to tephra from the PCCVE.
Deer sampled in September-October 2012 at 100 km from the volcanic eruption revealed that these tephra caused severe dental fluorosis in developing dentitions, with the associated loss of teeth functionality affecting the physical condition, with none of the subadults being able to conceive (Flueck and Smith-Flueck 2013a) . We next considered whether our results from red deer were reflected by similar evidence in livestock. We found that bone fluoride levels reached similar high levels in livestock including sheep, cattle, and horses, from samples stemming as far as 222 km from the volcano. Fluorosis was associated with pathologic wear of newly emerging teeth and extremely rapid ablation of entire crowns down to underlying pulp cavities (Flueck 2013) . Moreover, our analysis of tephra from several sites revealed their high average total level of 548 ppm of fluoride, being several-fold higher than fluoride in tephra from the Mount St. Helens eruption in 1980 (Taves 1980) .
Given that the tephra accumulation increases toward the volcano (Wilson et al. 2013) , with prevailing winds principally coming from there, the resulting downwind redeposition was predicted to last numerous years (Flueck and SmithFlueck 2013b ). This process is facilitated by the dry climatic condition which retards the incorporation of tephra into the soil. Moreover, redeposition rates are affected by animal trampling, burrowing, rooting, and dry summers such that the commonly strong eolic conditions redistribute tephra further downslope and downwind (Fig. 1b) .
The Patagonian huemul deer (Hippocamelus bisulcus) was reported to frequently exhibit osteopathology, with a prevalence of 57 % among adults (Flueck and Smith-Flueck 2008) . Biological agents as the primary cause appeared unlikely, and fluorosis was discarded due to lack of known clinical cases in those areas. Rather, we hypothesized that trace mineral deficiencies may play a key role. As the pathophysiognomy had important resemblances to fluorotic cases, we analyzed bone tissue from affected huemul to find, however, that fluoride concentrations were very low.
To gain further insight into the dynamics of fluoride accumulation in the bone of red deer exposed to the tephra, we determined the accumulation rates beginning from the fetal stage. Whereas mothers already averaged 2,151 ppm, their late-term fetuses had only 19.8 ppm, indicating a barrier to fluoride transport in utero (Flueck and Smith-Flueck 2013b) , in agreement with previous evidence that prenatal to preweaning stages of dental development are protected against exposure to excess fluoride in the mothers (Robinette et al. 1957; Richter et al. 2011) . Levels among older deer reached an average of 2,806 ppm (maximum 5,175 ppm), and the average annual increase among four age classes was about 1,000 ppm per year, with one individual having accumulated about 3,700 ppm per year. As predicted here, I report that wild deer not only continued to accumulate fluoride but also that maximal bone concentrations have exceeded 10,000 ppm after about 28 months of exposure.
Material and methods
Female deer were collected during October and November of 2013 in the National Reserve, Nahuel Huapi National Park, province of Neuquén, Argentina (41.027°S, 71.157°W). Samples from huemul deer from areas outside of the tephra deposits were analyzed for fluoride concentrations along with the bone samples of calves, subadult, and adult red deer. Samples were obtained from mandibles by removing about 1 g from the ventral ridge at the level of molar M1. Fluoride concentrations were determined in the Laboratorio de Biología Ósea (Universidad Nacional de Rosario, Argentina) (Rigalli et al. 2007 ). Samples were first ashed at 550°C, and then acid labile fluorine was isolated from 50 μg of the sample by isothermal distillation and the sample treated with phosphoric acid 98 % w/w at 60°C for 1 day. During this time, hydrofluoric acid released from samples was recovered by sodium hydroxide placed in the cup of the distillation gov. The red line marks the limit of deposition, principally in the Provinces of Neuquen, Rio Negro, and Chubut. b Ecotonal landscape in the Patagonian study area. Although known for commonly strong eolic conditions, this was a "calm day without westerlies: This turbulence is due to daily thermal wind patterns which shift ashes in any direction (color figure online) chamber. Subsequently, the sodium hydroxide trap was adjusted to pH 5.5 with acetic acid 17.5 mol/l. Standards ranging from 10 −3 to 10 −6 mol/l were simultaneously processed. Total fluoride was measured by direct potentiometry using an ion selective electrode ORION 94-09 and a reference electrode of Ag/AgCl. Duplicate samples were analyzed, resulting in coefficients of variation of <6 %, and the results are presented as the mean, expressed as part per million in dry bone.
Results
The red deer sample revealed fluoride levels which increased on average with advancing age and thus exposure time. Eolic conditions lead to a nonhomogeneous distribution of tephra, which is reflected in the variation of bone fluoride levels among deer stemming from a given area. On average, yearling deer had 688 ppm of fluoride (SE=60.1, range 598-802, n= 3), 2-year-old averaged 1,310 ppm of fluoride (range 714-1,905, n = 2), whereas 3-year-old and older averaged 4,014.5 ppm (SE=2148, range 1,100-10,396, n=4). The average annual accumulation rate of 1,283 ppm is similar to the one reported earlier (Flueck and Smith-Flueck 2013b) , indicating that the prediction of annual accumulation of fluoride continues. Whereas the maximal value reported earlier reached 5,175 ppm by November 2012 (Flueck and SmithFlueck 2013b) , one adult deer having been exposed continuously to tephra has now reached a bone fluoride level of 10,396 ppm by the end of October 2013. Whereas the earlier maximal value represents an annual accumulation rate of about 3,700 ppm, this latest maximal value represents an annual accumulation rate of about 4,455 ppm. The prevailing strong influence of tephra is also revealed in the pronounced increases of bone fluoride levels in younger age classes. An age-dependent increase in bone fluoride levels has also been documented in red deer in contaminated areas of Europe (Kierdorf et al. 1996b) . Fluoride levels in the bones of huemul stemming from areas not affected by this recent volcanic event, but affected by osteopathology, averaged 58 ppm (SE=10.7, n=5, range 14-107 ppm).
Discussion
The landscape is heterogeneous regarding the vegetation, principally resulting from the precipitation pattern induced from the orography of the Andes. Additionally, there is much variation in the topography which influences eolic conditions and therefore deposition patterns of volatile particles. As red deer establish permanent home ranges which are rarely altered among adults, different deer may inhabit areas with quite distinct levels of exposure to tephra. Hence, although in close proximity regarding distance, nearby deer may be exposed to quite different scenarios of contamination by tephra, apart from individual differences in feeding habits. This may be the most parsimonious explanation for the variability in bone fluoride levels within an age class encountered in the deer population.
As osteofluorosis occurs in deer with >4,000 ppm in dry bone (Schultz et al. 1998) , the accumulation to 10,396 ppm in an approximately 6-7-year-old deer in about 28 months raises the possibility of imminent clinical expression of osteopathology. Importantly, the impact from fluoride may be further exacerbated by the region being iodine deficient with endemic goiter rates of 50-80 % in 1965, before iodized salt was introduced (Salvaneschi and García 2009) . Epidemiologic and experimental data show that iodine deficiency increases the incidence of dental fluorosis and severity of damages caused by excessive fluoride and also increases bone fluoride content (Xu et al. 1994; Zhao et al. 1998; NRC 2006) . Lastly, based on clinical and biochemical symptoms, the region is deficient in selenium, with well-known negative impacts on iodine metabolism (Flueck and Smith-Flueck 2008, 2011; Flueck et al. 2014) .
The low fluoride levels in huemul were comparable to concentrations in antlers from red deer hunted before the 2011 volcanic eruption which averaged 63 ppm (SE=10.7, range 34-92 ppm) (Flueck and Smith-Flueck 2013a) . In Europe, fluoride levels in antlers collected before 1860 (prior to major industrial pollution) ranged from 18 to 50 ppm and were considered natural baseline levels (Kierdorf and Kierdorf 2000) . Given the absence of industry throughout the region, results demonstrate that fluoride levels are normally at low nontoxic levels, and therefore, fluorosis has not been a causal factor in osteopathology reported in huemul (Flueck and Smith-Flueck 2008) .
The average concentration of fluoride in tephra from ten different sites was 548 ppm (range 491-620 ppm, unpublished) . This is rather high and explains the occurrence of fluorosis among herbivores in the affected area. The rapid rate of fluoride accumulation in the bone documented here coincides with observations in other cervids in contaminated environments (Kierdorf and Kierdorf 2002) or in feeding experiments (Suttie et al. 1985) .
Although fluoride in our study area continues to accumulate in red deer and likely in bovids and equids causing overt pathology, the effects on the native camelid Lama guanicoe remain unstudied. These findings have major implications for the region affected by the PCCVE. The described impact will reverberate through several aspects of the ecology of the deer, including effects on population dynamics, morbidity, predation susceptibility, as well as other components of the ecosystem, including other herbivores, scavenger, and plant communities. For instance, Garrott et al. (2002) found that the onset of survival senescence in nonaffected deer occurred at about 16 years of age with a life expectancy of 25 years, whereas none of the deer with bones averaging 1,711 ppm of fluoride survived beyond 16 years: Accordingly, there was a 24 % reduction in the potential annual population growth rate.
